The T235 allele of the angiotensinogen gene (AGT) has been associated with hypertension. Blood pressure increases faster over time in black children than in white children, and in adults hypertension is more prevalent in blacks. We sought evidence for a role for angiotensinogen to contribute to racial differences in blood pressure in a study of 148 white and 62 black normotensive children (mean age, 14.8 yr). The frequency of the T235 allele was 0.81 in blacks and 0.42 in whites (X2 = 77.3, P = 0.0001). The mean angiotensinogen level was 19% higher in blacks than in whites (P = 0.0001 for males, P = 0.004 for females). Genotype was positively related to serum angiotensinogen in white children (P = 0.0001 for males, P = 0.004 for females), but a similar relationship was absent in blacks where the frequency of M235 may have been too low to discern an association. Longitudinal blood pressure (measured twice yearly) adjusted for body mass index showed a marginally significant relationship to the angiotensinogen level (P = 0.07). An independent relationship of serum angiotensinogen with body mass index (P = 0.0001) and race (P = 0.0003) was also observed. In summary, T235 was more frequent, and the level of angiotensinogen was higher in blacks than in whites. Such a racial difference in the renin-angiotensin system may contribute to the disparity in blood pressure levels of white and black young people. (J. Clin. Invest. 1995. 95:948-953.)
Introduction
Angiotensinogen, a protein synthesized principally in the liver, interacts with renin to produce angiotensin I, the prohormone of angiotensin II (AII).' All promotes sodium retention and increases vascular resistance and is thus important for blood pressure regulation. The concentration of angiotensinogen is a rate-limiting factor in the generation of All ( 1) , and its circulat-ing level has been positively related to blood pressure (2, 3) . The angiotensinogen gene (AGT) was linked recently to human hypertension in a study from France and the United States (4). In case-control studies, two AGT alleles, one that results in substitution of threonine for methionine at amino acid position 235 (T235) and one where there is substitution of methionine for threonine at position 174 (M174), were associated with hypertension in one study (4) but not in another (5) . Furthermore, the serum angiotensinogen level was shown to be higher in subjects carrying the T235 allele (4) .
Hypertension is more prevalent in blacks than in whites (6, 7), and in a previous study we showed that the blood pressure was higher and increased faster over time in black children than in white children (8) . Thus, factors that contribute to the racial difference in blood pressure may be detectable in childhood. Recently, T235 was reported to be the predominant AGT allele in blacks (9) . Conceivably, the T235 allele and angiotensinogen contribute to the higher blood pressure of blacks. We report here on a cross-sectional study of white and black children in whom the angiotensinogen level was measured and genotyping for AGT alleles was performed. We compared frequencies of alleles and the levels of angiotensinogen in the two racial groups. Since the subjects were from a longitudinal blood pressure study, we also examined the relationships of AGT alleles to the longitudinal blood pressure and to the serum angiotensinogen concentration.
Methods
Subjects. Subjects were recruited from an ongoing longitudinal blood pressure study in children (8) . Subjects in the original longitudinal study were recruited from 20 different schools in Indianapolis to achieve selection from a diverse socioeconomic background. The 6 .0) was brought to a boil and then slowly cooled to room temperature. Human renin was prepared as described by Haas et al. ( 12) . For the conversion of angiotensinogen to Al, a mixture containing 0.25 ml of the above buffer, angiotensinogen (0.8-10 ng) or serum, 20 isl of human renin, and water to 1.0 ml was incubated at 37°C for 3 h. Aliquots were then removed for measurement of the generated Al by RIA as described by Haber et al. (13) except for the inclusion of gelatin (Sigma grade 1) at a concentration of 1.0 mg/ml as the carrier protein in the RIA incubation buffer. The Al standard was purchased from Peninsula Labs (Taylor Way, Belmont, CA) and quantified by amino acid analysis. As a control for background, an aliquot of an incubation blank containing renin but no angiotensinogen was included in each RIA tube comprising the standard curve. A control plasma sample was assayed in each run. The angiotensinogen concentration was expressed as nanograms of Al per milliliter. The intraassay coefficient of variation for this assay was 5.8% (n = 24), and the interassay coefficient of variation was 12% (n = 81 ). The mean recovery of Al (8 or 4 ng) added to the assay of control plasma samples at the start of the incubation was 92% (range, 86-101%; n = 4). Statistical methods. Statistical analyses of the group means for characteristics of white and black children of each gender group were compared using the t test. To determine whether the angiotensinogen level was related to race and the presence of the T235 and Ml 74 alleles, analysis of variance methods were used. Since angiotensinogen was associated with BMI, the race effect and the genotype effect were evaluated by including BMI as a covariate in the regression model. Multiple comparisons procedures were used to compare the angiotensinogen levels within each race. Statistical analyses of the relationship between blood pressure and angiotensinogen were performed using the longitudinal blood pressure measurements. For each individual the mean systolic and diastolic blood pressure were calculated. These means were modeled in terms of race, BMI, and angiotensinogen level using a general linear model. Since some individuals had more measurements than others, the analysis was weighted by the inverse of the number of visits. Statistical methods for longitudinal data suggested by Liang and Zeger (14) were also used to determine the effect of genotype and angiotensinogen level on blood pressure. The BMI was included in the model as a timedependent covariate. This analysis gave similar results to the means analysis.
Results
Characteristics of the subjects. There were 148 white and 65 black children that participated in the study. For both male and female groups, the average age and height were not significantly different between whites and blacks (Table I) . Although the age distributions for whites and blacks were similar (for whites, 10.7-18.7 yr in males and 8.9-19.5 yr in females; for blacks, 9.1-18.9 yr in males and 12.3-18.1 yr in females), black children were on average 9 kg heavier (P = 0.03 for females and P = 0.05 for males) and had on average about a 4 kg/M2 higher BMI (P = 0.003 for males and P = 0.005 for females) than white children. For males, the mean longitudinal systolic blood pressure was not significantly different between whites and blacks (P = 0.58), but the mean longitudinal diastolic blood pressure was on average 4 mmHg higher in blacks (P = 0.04). For females, both systolic and diastolic mean longitudinal blood pressures were on average 5 mmHg higher in blacks than in whites (P = 0.05 for the systolic and P = 0.003 for the diastolic).
Plasma measurements of renin activity and aldosterone. PRA was not significantly different in white and black children (Table I) , whereas for both males and females, plasma aldosterone was -30% lower in blacks than in whites (P = 0.02 for males and P = 0.01 for females). A lower plasma aldosterone level in black children has been observed previously in a population that included members of the present cohort (15, 16) . Although PRA and plasma aldosterone were related (r = 0.32, P = 0.0001), there was no significant relationship between these variables and serum angiotensinogen (for PRA, r = -0.09, P = 0.18, and for aldosterone, r = -0.09, P = 0.20).
Frequencies of the 7235 and M174 alleles. The frequencies of both the M174 allele and the T235 allele were compared in white and black subjects. The frequency of the M174 allele was not significantly different in the two racial groups, 0.11 and 0.08 in whites and blacks, respectively (X2 = 0.55, P = 0.46).
On the other hand, the T235 allele was the predominant allele in blacks, occurring with a frequency of 0.81 compared with a frequency of 0.41 in whites (X2 = 54.9, P < 0.0001). The same result was observed for either sex. The distribution of the genotypes with the T235 allele was also significantly different between the racial groups: 65% of the black children were homozygous for the T235 allele while only 18% of the white children were homozygous for this allele. The distribution of the M174 genotype was the same for whites and blacks. The distributions of genotypes for both alleles were consistent with the populations being in Hardy-Weinberg equilibrium.
Serum angiotensinogen in relation to race and genotype. For both males and females, the mean angiotensinogen level was 19% higher in black children than in white children (P = 0.0001 for males, P = 0.004 for females) ( Table I) . Angiotensinogen levels were, however, highly correlated with age (r = 0.17, P = 0.01), weight (r = 0.35, P = 0.0001), and BMI (r = 0.37, P = 0.0001). After adjusting for BMI, blacks still had on average an 11% higher angiotensinogen level than whites (P = 0.009 for males, P = 0.03 for females).
To determine whether the presence of the T235 allele and race were related to the angiotensinogen level, an analysis of variance model was used. Both genotype (P = 0.01) and race (P = 0.0003) were significantly associated with the serum angiotensinogen level. The angiotensinogen levels of the three groups defined by the AGT codon 235 alleles for both whites and blacks are shown in Fig. 1 . Since body weight was highly correlated with the angiotensinogen level, the same analysis was carried out after adjusting for BMI; the results are presented in Table II . The effects of both genotype (P = 0.02) and race (P = 0.05) remained significant. A subanalysis for white and black children revealed that in white children the mean serum angiotensinogen level was higher in the presence of the T235 allele ( Fig. 1 Blood pressure in relation to serum angiotensinogen. For both racial groups, the mean of the longitudinal diastolic blood pressure was significantly related to the angiotensinogen level with r = 0.24 (P = 0.0034) and r = 0.45 (P = 0.0002) in whites and blacks, respectively. Only black subjects showed a significant relationship to the mean of the longitudinal systolic blood pressures with r = 0.44 (P = 0.0003). After accounting for the variation in blood pressure due to BMI, the angiotensinogen level was no longer significantly related to systolic blood pressure (P = 0.19), but a marginally significant relationship to diastolic blood pressure remained in both whites and blacks (P = 0.07). The relationship between the change in blood pressure over time and the serum angiotensinogen was also significant before adjusting for BMI but not after the adjustment.
Discussion
In this study, the T235 allele of AGT was the predominant allele in the black children, 81% of the AGT alleles in the blacks and 42% in the whites were the T235. These findings were consistent with an earlier study in adults by Lifton et al. (9) . In addition, we found the serum level of angiotensinogen to be significantly higher in black children than in white children. It is unlikely that this difference in the angiotensinogen level was an artifact of the angiotensinogen assay created by the amino acid substitution. Our assay measured generation of angiotensin I, and the kinetics for cleavage by renin of both molecular forms of angiotensinogen has been found to be identical (Lalouel, J.-M., personal communication). For the overall group, the angiotensinogen level was higher in subjects who carried the T235 allele, but within racial groups this relationship of genotype with level of angiotensinogen was significant only for white subjects.
Genes of American blacks consist of an admixture of genes of white origin. White genetic admixture within the black population in the United States has been estimated at 22% (17) and 26% (18) in two separate studies, whereas admixture of black genes among American whites is considered to be < 1% (19). Self-reporting for race was used to assign race status in the present study; no genetic markers for race were used. We assume that the racial admixture in our subjects was similar to the earlier estimates. It is possible that the racial difference in the level of serum angiotensinogen observed in the present study may underestimate a racial difference for populations where there is no admixture among racial groups.
In previous studies in white adults, the M174 allele was in linkage disequilibrium with the T235 allele (4), and thus, although M174 was associated with hypertension (4), it was not an independent predisposing factor. In this study, the frequencies of M174 were similar in whites and blacks (0.10 and 0.08, respectively), and no relationship of M174 to the angiotensinogen level or blood pressure was observed.
Participation in this study was restricted to individuals who had volunteered from a longitudinal study of blood pressure. A limitation imposed by this cohort was the small number of black children with the M235 allele. Thus, the lack of a relationship between the angiotensinogen level and genotype in blacks may have resulted from the small number of black children in both the groups homozygous for the M235 allele and the heterozygotes.
The relationship of angiotensinogen to blood pressure was first recognized 25 yr ago when Fasola et al. (2) found that the serum angiotensinogen concentration was higher in a group of hypertensive subjects and their offspring than in a group of normotensive subjects. Walker et al. (3) subsequently showed in a population that included hypertensives that the diastolic blood pressure was more highly related to the angiotensinogen level (r = 0.39) than any other parameter of blood pressure regulation analyzed. In our study of normotensive children, the angiotensinogen level showed a marginally significant relationship (P = 0.07) to diastolic blood pressure adjusted for BMI. There has been a renewed interest in angiotensinogen as a contributor to high blood pressure since it was shown that AGT was linked to essential hypertension (4, 5) and the T235 and M174 AGT alleles were shown to occur more frequently in hypertensive populations from the United States, France (4), and Japan (20) , although not in hypertensives from the United Kingdom (5). Furthermore, the frequency of the T235 allele was shown to be higher in women with preeclampsia (21, 22) .
In this study, we observed unexpectedly that the serum angiotensinogen level was significantly related to BMI. How body size might affect the level of serum angiotensinogen is unclear, although several mechanisms can be proposed. Adipose tissue has the capacity to secrete angiotensinogen (23) , and thus a higher serum angiotensinogen level might result from an increase in body fat. Insulin increases AGT transcription (24) and the synthesis of angiotensinogen in vitro (25) . A higher BMI can be associated with insulin resistance and hyperinsulinemia which in turn might then stimulate synthesis of angiotensinogen. It may simply be that a greater body size is required to fully express the effect of angiotensinogen on blood pressure. Alternatively, another factor, related to the age of a growing child, may increase the angiotensinogen level, such as a hormone associated with puberty or the adrenarche. Estrogen, for example, is known to increase angiotensinogen synthesis (26, 27) . The relationship of the angiotensinogen level to age, however, was not as strong as the relationship to body size, suggesting that something unassociated with age was providing the major influence.
In addition to the effect of the T235 allele and BMI on serum angiotensinogen, we found evidence for an independent effect of race which resulted in a higher angiotensinogen level in blacks. This may have been related to a racial difference in regulation by AGT or by differences in environmental factors. We have recently found a racial difference in the genetic regulation of the serum concentration of angiotensin I-converting enzyme (Bloem, L. J., A. K. Manatunga, E. A. Hollerman, J. H. Pratt, manuscript submitted for publication), another component of the renin-angiotensin system. Our earlier studies in children found urinary aldosterone excretion rates to be lower in blacks than in whites (15, 16) , and in this study the plasma aldosterone was lower in the black children. These findings are consistent with greater accumulation of sodium that suppresses the renin-angiotensin-aldosterone axis in black children. Similar evidence for sodium retention has been observed in adults. Black hypertensives typically have lower PRA (28) (29) (30) and a blood pressure that is more likely to be salt sensitive (31, 32) and responsive to diuretic therapy (33) when compared with white hypertensives. Conceivably, a higher angiotensinogen level initiates an increase in the kidney's production of AII which then promotes sodium retention (34) . Ultimately the RAS would be down-regulated, but a persistently higher angiotensinogen level might sustain RAS activity at a level inappropriate for the degree of sodium retention. Since the angiotensinogen concentration is at the Michaelis-Menton constant for its interaction with renin ( 1 ), a higher angiotensinogen level might easily increase All production despite lower renin activity. Secretion of aldosterone appeared to reflect a decrease more than an increase in AII. Several explanations for the lower aldosterone secretion in blacks can be proposed: (a) AII may be lower in blacks than in whites but at the same time higher than physiologically appropriate for the level of accumulated sodium; (b) the expression of AGT may be greater in kidney than in liver where most circulating angiotensinogen originates; or (c) there may be different types and degrees of responsiveness to All in the kidney and the adrenal. In regard to the latter, the aldosterone secretory response to All is related to the prevailing potassium concentration (35, 36) , and blacks, in comparison with whites, may consume a diet lower in potassium, thereby reducing the effect of All on aldosterone secretion (37, 38) . Altematively, a higher angiotensinogen level in blacks may not contribute to sodium retention as much as result from it. Suppression of renin activity by an accumulation of sodium could limit the catabolism of angiotensinogen by renin.
In summary, the T235 allele ofAGT that has been associated with hypertension in adult populations was the predominant AGT allele in the black children of this study. The serum level of angiotensinogen was significantly higher in the black children than in the white children and showed a marginally significant relationship to blood pressure. These results suggest that genetic differences in the RAS may contribute to racial differences in blood pressure regulation in normal children.
